Introduction
The mammalian pelvis is formed from the fusion of three endochondral bones (ilium, ischium, and pubis) into the bilaterally paired hip bones (ossa coxae). The hip bones are joined in the ventral region by the cartilaginous pubic symphysis (symphysis pelvina), whereas the sacrum (os sacrum) is joined in the dorsal portion of the pelvic bones de Lahunta, 2009, 2013) . The pelvis forms a complex structure, which differs in both shape and size between the sexes, even in species that exhibit little or no sexual dimorphism in size or shape (Kryštufek, 1998; Schulte-Hostedde et al., 2001; Carrier et al., 2005; Clair, 2007; Berdnikovs et al., 2007; Balčiauskas, 2009, 2016; Schutz et al., 2009a Schutz et al., , 2009b Carlon and Hubbard, 2012; Parés-Casanova and Martinéz, 2014; Nganvongpanit et al., 2017; Matysiak et al., 2017) . The pelvis serves two main functions, which largely determine its shape. First, the pelvis provides a brace for the pelvic limbs, so its shape strongly depends on both body posture and mode of locomotion. Second, the pelvis supports the posterior viscera and reproductive tract. Sexual size dimorphism (SSD) of the pelvis is a consequence of its differential role in male and female reproduction, as females are affected by bearing additional weight during pregnancy, and full-term fetuses pass through the female birth canal (Carrier et al., 2005; Schutz et al., 2009a Schutz et al., , 2009b Nganvongpanit et al., 2017; Matysiak et al., 2017) .
Consequently, pelvic SSD results from functional pressures on the pelvis produced by weight bearing (due to the stress that the body mass places on the rear limbs), parturition (by requiring an ample aperture for the passage of offspring), and locomotion, together with the attachment of muscles (through requirements for limb orientation and muscle attachment). Because these three functions can affect pelvic form simultaneously, the potential exists for them to conflict with one another and thus to exhibit different allometric patterns (Schutz et al., 2009b) .
According to Tague (2003) , males in male-dominated SSD species often have an absolutely larger pelvis than females just because they are larger. Nevertheless, the pelvis of females is often larger relative to body size. These observations imply that there is SSD in the shape of the pelvis, even when the sexes differ little in body size. On the other hand, mammals specialized for running have large pelvic muscles and relatively slender limbs (Schutz et al., 2009b; Carlon and Hubbard, 2012; Álvarez et al., 2013; Martín-Serra et al., 2014 , 2015 . In contrast, a small pelvis and relatively thick limb bones appear consistent with a more generalized locomotor anatomy, in which more of the body is carried by the forelimbs, leading to a less massive pelvic girdle. Chase et al. (2002) and Schutz et al. (2009b) reported differences in pelvic bones between speed dogs (e.g., greyhounds) and stocky dogs with shorter limbs (e.g., American pit bull terriers). Similarly, the breadth between the shafts of the ilium in raccoon dogs (Nyctereutes procyonoides) was greater than in red foxes (Vulpes vulpes), and this can be related to the weight of fetal mass and limb length (Jurgelėnas, 2015) . Moreover, raccoon dogs are ambulatory animals with short limbs, whereas red foxes are cursorial (see Sillero-Zubiri et al., 2004) . Carlon and Hubbard (2012) On the contrary, surface area analysis of canids showed more differences when compared to felids. These findings suggested that muscle map area analysis may be useful for comparing phylogenetic relationships between and within groups of different species, and may also suggest variations in locomotor habits.
In this study, we measured the pelvic and sacral bones of the grey wolf (Canis lupus) and the Eurasian lynx (Lynx lynx), hereafter referred to as "wolf " and "lynx", and determined the differences between the sexes and species. The species differ in locomotion and life history. Accordingly, the main purposes of our research were (i) to contribute to knowledge on quantitative characteristics of size variables and describe their variability, (ii) to test the impact of SSD on both bones, (iii) to assess the influence of sex differences on allometry, and, finally, (iv) to determine whether there are morphological differences associated with the life histories of both species.
Materials and methods
The wolf and lynx are species of conservation concern. Slovakia is a contracting party to the Bern Convention, which lists both species in Appendix II and III (see Žiak and Urban, 2001; Sillero-Zubiri et al., 2004) . Therefore, the sample size evaluated in this study was restricted only to individuals of adult specimens of older material (from 1955 to 1980; i.e. before protective legislation was enacted in Slovakia). We studied specimens in the three Slovakian museums that had material: Saris Museum Bardejov (45 specimens), East Slovakian Museum Kosice (2 specimens), and Povazie Museum Zilina (1 lynx) (Mošanský, 1983; Hromada et al., 2015) . Only adults (determined by fused epiphyseal sutures) with documented catalogue information that corresponded to the skeletal remains were included in the study.
We measured 15 variables to ±0.01 mm on the left side with a digital caliper. The final sample included 48 pelvic bones (27 wolves, 21 lynx) and 44 sacral bones (26 wolves, 18 lynx) to be measured (e.g., Kryštufek, 1998; Sajjarengpong et al., 2003; Jurgelėnas, 2015) . Figures 1a-1c . These were as follows for the pelvis: GL -greatest length (1-1´); GBTc -greatest breadth across the coxal tuberosity (2-2´); SB -smallest breadth of the shaft of ilium (3-3´); GBA -greatest breadth across the acetabula (4-4´); SBI -smallest breadth across the bodies of the ischia (5-5´); GBTi -greatest breadth across the ischial tuberosity (6-6´); LAR -length of the acetabulum (7-7´); LFo -inner length of the obturator foramen (8-8´); BFo -inner breadth of the obturator foramen (9-9´); BPuS -breadth at pubic symphysis (10-10´); and LPuS -length of pubic symphysis (11-11´). Variables for the sacrum were: PL -physiological length (12-12´); GB -greatest breadth across the wings (13-13´); BFcr -greatest breadth of the cranial articular surface (14-14´); and HFcr -greatest height of the cranial articular surface (15-15´).
Measurement variables are shown in
Normal distribution of the dataset was tested using two normality tests (the D' Agostino-Pearson omnibus K 2 test and the Shapiro-Wilk W-test). We log 10 -transformed data to normalize them before analysis. Correlations between the measurements were analyzed using the Pearson correlation coefficient (r p ). Hotelling's T 2 (used for multivariate analyses) and parametric unpaired t-tests (univariate analyses) were used to detect and to validate the statistical significance of traits' differences between the sexes. Similarly, we used two-way ANOVA with species and sex as factors to test for their interactions and evaluate statistical significance.
Morphometric variation was also examined by means of principal component analysis (PCA) including both species because our sample size was very small (Budaev, 2010) for eight variables, given the clear size differences between species (GL, GBTc, GBA, LAR, BPuS, LFo, PL, and GB). To determine the number of eigenvalues we used a scree plot to estimate the appropriate number of principal components. The number of components depends on the "elbow" point at which the remaining eigenvalues are relatively small and all about the same size. This point is not very evident in the scree plot, but we can still say that the third point is our "elbow" point.
We also investigated the allometric (log-log) relationships with ordinary least squares regression (OLS) to determine whether the slopes differed from zero (Pélabon et al., 2014; Rodríguez et al., 2015; Voje, 2016; Kilmer and Rodríguez, 2017) . The OLS was used to determine relationships between the greatest length of the pelvis (GL) and other breadth and length measures. Relationships between physiological length of the sacrum (PL) and other sacral metric traits were also evaluated.
The differences in mean values were compared using the following scheme: 1) between sexes: wolf -males and females; lynx -males and females; 2) between species: males of wolf and lynx; females of wolf and lynx.
All descriptive analyses and OLS analyses were evaluated using version 5.01 of the statistical analysis system GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA). Hotelling's T 2 , PCA, and two-way ANOVA were done using the statistical software OriginPro 8.6 (OriginLab Software Inc., Northampton, MA, USA).
Results

Sexual differences in wolf
Males were larger than females in all pelvic measures except the inner breadth of the obturator foramen (BFo), and four variables differed significantly before Bonferroni correction (Table 1 ). In the sacral bones, males were Figure 1 . a-c) Pelvic and sacral measures used in the study. All abbreviations and measures [GL (1-1´); GBTc (2-2´); SB (3-3´); GBA (4-4´); SBI (5-5´); GBTi (6-6´); LAR (7-7´); LFo (8-8´); BFo (9-9´); BPuS (10-10´); LPuS (11-11´); PL (12-12´); GB (13-13´); BFcr (14-14´); HFcr (15-15´)] are explained in Section 2. larger, with small significant differences (P < 0.05) for greatest breadth across the wings (GB). Hotelling's T 2 -test (T 2 = 22.584, P < 0.05) showed that there were small significant differences between the sexes. Variables were correlated, but only a few correlations between variables in wolves were statistically significant (Table 2) . OLS analyses revealed sexual differences. While a positive relationship between traits was shown for females, negative allometry was confirmed for males with the exception of BPuS versus GL (Table 3) .
Sexual differences in lynx
The pelvic bones in males were larger than those in females, and significant differences were also confirmed for eight traits (Table 4 ). The sacral bones were statistically nonsignificantly (P > 0.05) larger in males, aside from the greatest breadth of the cranial articular surface (BFcr). Hotelling's T 2 -test (T 2 = 30.29, P < 0.05) also showed that there were small significant differences between the sexes.
Correlations between several traits were also confirmed (Table 5) , several of which showed strongly significant (P < 0.01 and/or P < 0.001) relationships.
The results for OLS regression models are shown in Table 6 , with the results showing differences between the sexes. For females, confirmation of positive allometric growth was shown only for greatest breadth across the wings (GB) to greatest length (GL). In males, negative allometric growth among the evaluated traits was confirmed.
Species differences
Wolves were larger than lynx by all measures, and PCA analysis of eight variables showed clear differences and separation between the species (Table 7; Figure 2 ). The first two principal components (PC1-PC2) explained 86.0% of the variation. PC1 explained 75.8% of the total variance and was associated mainly with GBA and LAR. The second factor (PC2) accounted for 10.2% of the total variance and was correlated with LFo and PL. A third component (PC3) accounted for 7.1% of overall variation and was highly associated with PL.
Similarly, the results of two-way ANOVA confirmed that for almost all measures significant size differences exist for both sex and species, as well as sex and species interaction (Table 8) .
Discussion
We documented sexual and species differences in the size of pelvic and sacral bones in two predatory carnivores, Table 1 . Summary of descriptive statistics for measurement variables of pelvic and sacral bones for adult males and females of wolves (Canis lupus). The obtained dataset (untransformed data) was evaluated using the following statistical parameters' means and standard deviations (M ± SD), and by the value of sexual size differences (SSDs) among means of the particular variable (see Lovich and Gibbons, 1992 the wolf and the lynx. The most significant pelvic traits for discriminating both sexes were two measures for the pelvic bones (SB, LAR) and two for the sacral (GB, PL).
Results of PCA confirmed that breadth at pubic symphysis (BPuS) has greatly contributed to the variability in both species. Similarly, the greatest breadth across the acetabula (GBA) and length of the acetabulum (LAR) for pelvic bones and the greatest breadth across the wings (GB) for sacral bones were traits that accounted for a large part of the total variability. The differences between species were also confirmed by two-way ANOVA. Our analyses indicated small male-biased SSD with overlapping values between sexes for both species and were in accordance with results from previous studies (Nwoha, 2000; Tague, 2003; Carrier et al., 2005; Berdnikovs et al., 2007; Balčiauskas, 2009, 2016; Schutz et al., 2009a Schutz et al., , 2009b Jurgelėnas, 2015; Matysiak et al., 2017; Nganvongpanit et al., 2017) . Only the inner breadth of the obturator foramen (BFo) was slightly bigger in wolf females, which indicates a wider pelvic cavity. Similarly, greater values of the inner length of the obturator foramen (LFo) in males was in accordance with the findings of Jurgelėnas (2015) and Sajjarenpong et al. (2003) . Various forms of the obturator foramen from oval to triangle have been shown for domestic dogs de Lahunta, 2009, 2013) . According to the findings mentioned, we can assume that these traits are insufficient for discrimination between the sexes and species, and more measurements are necessary for detailed investigations.
Jurgelėnas (2015) examined red fox and raccoon dog sacra and determined the differences for both sexes and species. Findings for the red fox stated by the aforementioned author were in line with the results obtained in the present study showing that the sacral parameters in males of the wolf and lynx were greater than in females, except for the statistically nonsignificant greatest breadth of the cranial articular surface (BFcr). Berdnikovs et al. (2007) and Schutz et al. (2009a) showed the existence of SSD between the sexes and species to be differences in either the shape or size. Moreover, many sexually dimorphic characteristics are relevant to mate choice, reproduction, and other adult functions. Therefore, the SSD in the pelvic bones may be a result of global differences between the sexes in skeletal growth that are likely highlighted by hormonal differences typical for the sexes (Iguchi et al., 1995; Malashichev et al., 2005 Malashichev et al., , 2008 Berdnikovs, 2007; Pomikal and Streicher, 2010) . The SSD was also different between parous and nulliparous females where parity events significantly affect the size and shape of the female pelvis and produce differences in the magnitude of the pelvic shape dimorphism (Johanson and Berger, 2003; Schutz et al., 2009a; Matysiak et al., 2017) . In addition, the shape and size of innominate bones depend on several factors, such as the weight of the fetus, the specifics of parturition, the peculiarities of carriage, and the attachment of muscles (Carrier et al., 2005) . Schutz et al. (2009b) agreed with covariation between pelvic morphology and reproductive life-history characteristics, ). All abbreviations and measures are explained in Section 2. Significant relationships are displayed by significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001. Table 4 . Basic statistics for measurements of pelvic and sacral bones for adult males and females of lynxes. The obtained dataset (untransformed data) was evaluated using the following statistical parameters' means and standard deviations (M ± SD), and by the value of sexual size differences (SSDs) among means of the particular variable (see Lovich and Gibbons, 1992 a Sexual size differences were tested for each variable by one-way analysis: * P < 0.05, ** P < 0.01, *** P < 0.001. b SSD (sexual size dimorphism) = [(male/female) -1] (Lovich and Gibbons, 1992) . Table 5 . Correlation matrix (Pearson's r) for pelvic and sacral measurement variables of lynx (Lynx lynx); males below and females above diagonal). The significant values (P < 0.01** and P < 0.001***) are in bold. Table 6 . Results of OLS regression slopes, intercepts, and 95% confidence intervals (CI); F and P-values for relationships between traits are shown for females and males of lynxes. Legend: number (N); coefficient of determination (R 2 ). All abbreviations and measures are explained in Section 2. Significant relationships are displayed by significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001. such as the interaction between offspring size and female size. They believed that shape differences in the pelvis in both sexes potentially encompass the differences in body size and reproductive function of the two sexes. Schutz et al. (2009b) stated that smaller species have relatively fewer and larger offspring than larger species. According to Jurgelėnas (2015) , the greater breadth between the shafts of the ilium in raccoon dogs than in red foxes can be related to the weight of fetuses and length of the limbs. These findings may be in accordance with our data between two different species, of which wolves have heavier and longer cubs (Hell et al., 2001 (Hell et al., , 2004 .
GL
On the other hand, Chase et al. (2002) and Schutz et al. (2009a) also argued that the reasons for such life-history differences in carnivores may also include different modes of locomotion. Our different allometric patterns in pelvic and sacral measures in both sexes may also support this hypothesis. Canids (i.e. the wolf in our case) are cursorial animals with the capacity to run for long distances (Álvarez et al., 2013; Martín-Serra et al., 2014 , 2015 ; thus, the locomotor requirements for canids adapted for running likely include a relatively narrow pelvic breadth. Felines (i.e. the lynx with ambulatory mode adaptation), although characterized by the most adducted limb posture during walking, nonetheless retain structural adaptations for a wider range of femoral postures than do canines, which may be employed in climbing and in predatory activities (Jenkins and Camazine, 1977) . According to the abovementioned authors, all of the findings potentially lead to conflicts with increases in offspring size. Females require a broader pelvis in order to give birth to proportionately Figure 2 . Results of the PCA calculated for eight variables for wolf and lynx (circle -female lynx; square -male lynx; star -female wolf; triangle -male wolf). larger offspring, while efficient running requires a narrow pelvis. This will cause an increase in the differences, which will be greater for females. Clair (2007) interpreted female pelvic morphology as a compromise between locomotor requirements and obstetric facility. Male morphology was solely the product of natural selection for locomotion. In contrast, some trade-off exists between obstetric and locomotor functions for females. This may also explain some of our results, which confirmed a small level of dimorphism in favor of males and a partial overlapping of values. Nevertheless, we had small sample sizes for this evaluation. Therefore, we have insufficient data to make definitive conclusions.
In conclusion, our data confirmed small malebiased SSD in pelvic and sacral bones for both of the evaluated species. We also confirmed that significant differences in the sizes of pelvic and sacral bones exist between the species; therefore, the measures are useful for discriminating older museum specimens or for bone remains found in nature. We also discussed our findings in light of the life history of both species. Nevertheless, further analysis of more numerous materials, as well as material from several species of the studied families, will be needed in the future in order to fully understand the importance and function of pelvic dimorphism in relation to parturition and locomotion. information about the occurrence of the collection material. Our thanks also go to the anonymous referees for their valuable comments on the manuscript. Finally, we would like to thank David McLean for revising the English language of the manuscript. Table 8 . Results of two-way ANOVA of the pelvic and sacral measures. Statistics given are degree of freedom (df), sum of square (SS), and F-values for three effects (sex, species, and sex + species). Significant variables are shown with the significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001. All abbreviations are explained in Section 2. 
